Introduction
The past decade has seen rapid advances in the treatment of advanced-stage melanoma, with the availability of new therapies that induce anti-cancer immune reactions or target oncogenic mutations driving tumour growth [1] . Talimogene laherparepvec (T-VEC) is an intralesionally delivered oncolytic virus approved to treat advancedstage melanoma. T-VEC was engineered by deleting the ICP34·5 and ICP47 genes from the highly oncolytic JS1 strain of herpes simplex virus type 1 (HSV-1), resulting in selective viral replication within tumour cells and enhanced systemic antitumor responses [2, 3] . In addition, insertion of the human granulocyte-macrophage colonystimulating factor gene enhances immune response to tumour antigens released during tumour-cell lysis.
In previous studies, T-VEC DNA was detected in blood and urine and on the surfaces of injected tumours of some patients, with no evidence of transmission of live T-VEC virus from patients to close contacts [4] [5] [6] .
The objective of the current study was to systematically evaluate T-VEC DNA biodistribution, shedding of DNA and infectious virus, and potential transmission of T-VEC to exposed healthcare workers and close contacts during and after completion of therapy in patients with melanoma treated according to the current approved dosage and handling guidelines [7] [8] [9] .
Materials and methods

Study design
This phase 2, single-arm, open-label study was conducted at 11 centres in North America. T-VEC was administered intralesionally into injectable metastatic melanoma lesions (cutaneous, subcutaneous, and nodal tumours) at an initial dose of 10 6 plaque-forming units (PFU)/mL (up to 4 mL) on study day 1, followed by 10 8 PFU/mL (up to 4 mL) 21 days after the initial dose and every 14 (±3) days thereafter. Injected lesions were covered with occlusive dressings for ≥1 week.
Patients received T-VEC until achievement of a complete response, disappearance of all injectable tumours, intolerance to treatment, or clinically relevant disease progression. Patients were encouraged to receive ≥6 months of treatment to allow for delayed responses. Adverse events (AEs) were assessed throughout the study and up to 60 (+7) days after the last dose of T-VEC.
Samples from blood, urine, exterior of occlusive dressings, and surface of injected lesions were collected at multiple time points up to day 1 of cycle 4. Except for injected lesions, samples were also taken during the 30-and/or 60-day follow-up visit. Samples from the oral mucosa and anogenital area were collected during every cycle and follow-up visit ( Fig. 1 ). Swabs of suspected herpetic lesions were collected throughout the study within 3 days of their occurrence. Suspected exposure of close contacts to T-VEC was reported by the investigator within 24 h, and swabs were taken with the individual's consent. The sampling schedule is outlined in the Supplementary Material.
Patients were trained to take swabs from the oral mucosa and anogenital area at home (with the help of a service provider, if required) during the 31-60-day follow-up period; kits were provided for swab collection for central laboratory testing.
Radiographic imaging (computed tomography [CT], positron emission tomography [PET]-CT, magnetic resonance imaging [MRI], or ultrasound) of the chest, abdomen, and pelvis was conducted at screening, weeks 12 and 24, and at least every 3 months until disease progression or end of treatment. Tumour response was assessed using modified World Health Organization (WHO) response criteria.
AEs were graded according to the Common Terminology Criteria for Adverse Events (CTCAE) version 3·0.
Patients
Patients were ≥ 18 years old with a histologically confirmed diagnosis of stage IIIB, IIIC, IVM1a, IVM1b, or IVM1c melanoma (per the American Joint Committee on Cancer 7th Edition Melanoma Staging System [10] ) and cutaneous, subcutaneous, or nodal tumours of ≥10 mm diameter that were accessible for intralesional injection by direct or ultrasound-guided approaches. Additional inclusion criteria were serum lactate dehydrogenase ≤1·5 x upper limit of normal, an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, and adequate hematologic, hepatic, and renal function. Patients were excluded if they had N3 visceral metastases (not including lung metastases or nodal metastases associated with visceral organs); bone or clinically active cerebral metastases (patients with ≤3 asymptomatic, treated cerebral metastases with no evidence of progression or requirement for steroids for ≥2 months prior to enrolment were allowed); human immunodeficiency virus, hepatitis B, or hepatitis C infection; evidence of immunosuppression; participated in another clinical trial b1 month before enrolment; or were pregnant or lactating. The protocol was approved by the Institutional Review Board at each site, and all patients provided written informed consent before the start of any studyrelated procedures.
Research in context
Evidence before this study T-VEC is the first intratumoral oncolytic virus approved for the treatment of unresectable melanoma recurrent after initial surgery. During the clinical development of T-VEC, data on shedding of T-VEC DNA were collected in several clinical trials. T-VEC DNA was detected in blood and urine and on the surfaces of injected tumours of some patients, and there was no evidence of transmission of live T-VEC virus from patients to close contacts. While other genetically modified or naturally occurring oncolytic viruses have been investigated for treatment of cancer (including, but not limited to HSV-1, coxsackie, vaccinia, adenovirus, and poliovirus-based agents) a Pub Med review of English literature on the biodistribution, shedding and transmissibility of these agents in human subjects revealed only limited data for one HSV-1-derived virus and one genetically engineered vaccinia virus.
Like T-VEC, these oncolytic viruses are designed to selectively infect, replicate within, and lyse tumour cells and are, therefore, less infectious or virulent than the parent strain of the virus. Nevertheless, given that these agents are derived from infectious viruses, there are concerns regarding the potential for transmission of therapeutic oncolytic viruses to untreated individuals (close contacts or health care providers). The FDA and EMA have provided guidance for industry on collecting viral shedding data from the target patient population during development of oncolytic viruses to provide an assessment of the risk of transmission to untreated individuals.
Added value of this study
Our study was designed to thoroughly and systematically evaluate T-VEC DNA biodistribution, shedding of both T-VEC DNA and infectious virus (per FDA and EMA clinical oncolytic virus shedding study guidance), and potential transmission of T-VEC to exposed healthcare workers and close contacts during and after completion of therapy in patients with melanoma treated according to the current approved dosage and handling guidelines. Not only do the results of our study support data from prior T-VEC studies, they provide extensive information on the potential risk of transmission of T-VEC to close contacts or health care providers. To our knowledge, this is the most extensive dataset published to date on the biodistribution and transmissibility of an oncolytic virus.
Implications of all the available evidence
The results of this and previous T-VEC clinical trials indicate that with proper handling, administration, and post-injection care, T-VEC can be administered safely to patients with advanced melanoma, with minimal risk of transmission to close contacts and health care providers. The methodological approach and results of our study should be of value in the development of other intralesionally injected oncolytic viruses for the treatment of cancer.
Endpoints
Biodistribution and shedding endpoints were incidence of detectable T-VEC DNA in blood and urine and clearance from the blood and urine; patient and sample incidence of T-VEC DNA and viral infectivity on swabs collected from the exterior of occlusive dressings, surface of injected lesions, oral mucosa, and anogenital area during and after treatment (only during treatment for occlusive dressings); and incidence of T-VEC DNA in lesions suspected to be of herpetic origin in treated patients and close contacts. Collection of anogenital swabs was included after 2 protocol amendments, the first requiring swabs for patients with injected lesions below the waist, and the second requiring swabs for all patients.
Efficacy endpoints included best overall response, objective response rate (complete response or partial response, according to modified WHO criteria), and durable response rate (complete or partial response for ≥6 months).
Safety endpoints were patient incidence of treatment-emergent AEs (TEAEs) and treatment-related AEs (TRAEs).
Precautionary measures to reduce the risk of T-VEC virus transmission
Consistent with the current T-VEC US prescribing information [7] , patients and their close contacts were advised to avoid direct contact with injection sites, dressings, and body fluids; wear gloves when changing dressings; keep injection sites covered for ≥1 week after each treatment visit; replace the dressing if it fell off; and dispose of used dressings and cleaning materials in household waste in a sealed plastic bag. Patients were advised to use barrier contraception methods while receiving T-VEC. Patients were also advised that pregnant or immunocompromised close contacts should not change dressings or clean injection sites. In the event of accidental exposure, patients and caregivers were advised to clean the area with soap and water and/or a disinfectant. If a patient or close contact developed herpetic lesions, they were encouraged to have follow-up testing and had the option to receive antiviral agents. Study staff wore gowns, gloves, and eye protection while preparing and administering T-VEC, consistent with biosafety level 1 (BSL-1) live virus containment practices [11] , as described in the T-VEC prescribing information [7] . Although not required, BSL-2 practices could have been implemented in accordance with individual institutional protocols.
Detection of T-VEC DNA and infectivity of virus
Samples were tested for T-VEC DNA using a validated T-VEC-specific quantitative polymerase chain reaction (qPCR)-based assay (no detection of non-target nucleic acids, including wild-type HSV-1 and HSV-2). The test was considered positive if DNA was detectable with results above the assay cutoff values, even if the level was too low to be quantified. The lower limit of quantification (LLOQ) of the assay (copies of T-VEC DNA/μg total DNA) is 1·76 for blood, 24 for urine, and 18 for swabs.
qPCR-positive swab samples were tested for infectious virus in the validated 50% tissue culture infective dose (TCID 50 ) assay, which quantifies the amount of virus required to create a cytopathic effect in 50% of inoculated tissue culture cells. In brief, Vero cells (ATCC No. CCL-81) in 96-well plates were incubated with qPCR-positive samples at 37°C for 66-80 h, and the cytopathic effect was recorded. Virus titre was calculated as TCID 50 /mL; the LLOQ for the TCID 50 assay is 5,940 TCID 50 /mL in swab samples.
Statistical methods
Data were summarized for patients who received ≥1 dose of T-VEC and had ≥1 postdose blood or urine sample collected. The amount of quantifiable DNA measured by qPCR was analysed as a continuous variable, and summary statistics of DNA counts over time are provided. Clearance of T-VEC was measured as the number of patients with undetectable T-VEC DNA.
Summary statistics are presented for patient and sample incidence (overall and by time) of detectable T-VEC DNA in each sample type as well as virus in swabs from the exterior of occlusive dressings, surface of injected lesions, oral mucosa, anogenital area, and lesions of suspected herpetic origin.
Objective response rate was analysed as a binary variable with 95% confidence intervals (CIs) using exact method. Duration of response was analysed for responders using the Kaplan-Meier method.
Patient incidence of AEs after the initiation of therapy through the 30-day safety follow-up visit is summarized.
Role of the funding source
The funder contributed to study design, data collection, data analysis, and data interpretation, and funded a professional medical writer to assist with writing the report. The corresponding author had full access to all data in the study and had final responsibility for the decision to submit for publication.
Results
Patient disposition and baseline characteristics
Sixty-one patients were enrolled (57 in the US, 4 in Canada), 60 (98%) received ≥1 dose of T-VEC, 49 (80%) completed the study, and 12 (20%) withdrew consent and discontinued the study.
All patients were white, 55% were men, the median (range) age was 65 (19-93) years, and 75% had an ECOG performance status of 0 ( Table 1) . Most patients had stage III melanoma; 30% had stage IV. At baseline, 40 patients (67%) were seropositive for HSV-1, and 20 (33%) were seropositive for HSV-2. Most patients (68%) had received previous treatment for melanoma. The most frequently reported prior therapies were immunotherapy (58%, including ipilimumab, pembrolizumab, and nivolumab), radiotherapy (17%), and chemotherapy (15%).
Biodistribution and shedding of T-VEC DNA
Blood
T-VEC DNA in blood during cycles 1-4 was detected in 98·3% of patients (59/60) and 36·7% of samples (383/1043), with a higher incidence among patients who were HSV-1 seronegative at baseline ( Table 2 ). The incidence of T-VEC DNA was highest during cycle 2 and decreased to zero by the safety follow-up visit ( Fig. 2A, 3A) ; DNA copy number was highest during cycle 2 (Fig. 4A) . Within cycle 2, the DNA copy number was highest 1 h after injection (mean of 219·4 copies/μg DNA; maximum of 1650 copies/μg DNA) and lower during subsequent measurements; DNA copy number was largely independent of baseline HSV-1 serostatus (data not shown).
Urine
T-VEC DNA was detected in urine during cycles 1-3 in 31·7% of patients (19/60) and 3·0% of samples (31/1041) ( Table 2 ) and was highest during cycle 2, zero during cycle 4 and the safety follow-up visits, and independent of HSV-1 serostatus (Fig. 2B, 3B ). There were 24-399 copies/μg T-VEC DNA in urine during cycles 1-3; DNA was not detected after cycle 3 (Fig. 4B ).
Surface of injected lesions
All patients (60/60) and 57·6% of samples (726/1260) had detectable T-VEC DNA in swabs from the surface of injected lesions at some point during cycles 1-4, independent of HSV-1 serostatus ( Table 2 ). The incidence of T-VEC DNA was highest during cycles 1 and 2 (Fig. 2C, 3C ). DNA was detected on the surface of injected lesions in 14% of patients (5.8% of samples) during the safety follow-up period. In cycle 1, mean DNA copy number peaked 8 days postdose for seronegative patients (867,764 copies/μg DNA) and seropositive patients (562,377 copies/μg DNA) and was slightly lower in cycle 2 (Fig. 4C ). Eight patients (in cycles 1 and 2) had DNA levels N1,000,000 copies/μg DNA. Two samples taken during the safety follow-up period had quantifiable DNA (mean of 71 copies/μg DNA).
Exterior of occlusive dressings
T-VEC DNA was detectable in swabs of the exterior of occlusive dressings during cycles 1-4 in 80% of patients (48/60) and 19·5% of samples (212/1085) with no consistent trends based on HSV-1 serostatus ( Table 2 ). The incidence of DNA was slightly higher during cycle 2 compared with cycles 1, 3, and 4 ( Fig. 2D, 3D ). DNA copy number was highest in cycle 1, peaking at day 8 for seropositive (mean 61,313 copies/μg DNA) and seronegative (mean 17,652 copies/μg DNA) patients (Fig. 4D ).
Oral mucosa
The incidence of T-VEC DNA in swabs taken from the oral mucosa at any time during cycles 1-4 was 8·3% of patients (5/60) and 2·5% of samples (9/359), with a higher incidence among HSV-1 seronegative Fig. 2E, 3E ). Three patients with detectable DNA had received injections to lesions on the face and/or neck. After cycle 4 (cycles 5-47), DNA was detectable on mucosal swabs in 5·4% of patients (3/56) and 0·5% of samples (3/596) . No DNA was detected at the safety follow-up visits 30 and 60 days after completion of injections. DNA copy number was highest on day 8 of cycle 1 (6491 copies/μg DNA) in a sample from a seronegative patient (Fig. 4E ).
Anogenital area
The incidence of T-VEC DNA in swabs taken from the anogenital area during cycles 1-4 was 8·0% of patients (2/25, both HSV-1 seropositive) and 1·1% of samples (2/190) (Table 2 ; Fig. 2F, 3F ). After cycle 4 (cycles 5-50), DNA was detectable on anogenital swabs in 13·0% of patients (3/ 23, all HSV-1 seropositive) and 2·1% of samples (5/238) . No DNA was detected in swabs taken during the safety follow-up period. T-VEC DNA was above the LLOQ in one sample (31 copies/μg DNA) taken predose in cycle 2 from a seropositive patient (Fig. 4F ).
Clearance of T-VEC from blood and urine
Almost all patients with detectable T-VEC DNA in blood or urine during cycles 1 and 2 had cleared the virus before the next dose ( Supplementary Table 1 ). Further details regarding the clearance of T-VEC are provided in the Supplementary Material.
T-VEC DNA in patient lesions of suspected herpetic origin
Of 19 patients with lesions of suspected herpetic origin, four of 37 swabs taken from three patients had detectable T-VEC DNA: from the left nipple (124 copies/μg DNA; shared a dressing with an injected lesion) and right arm (85 copies/μg DNA; not near injected lesion) of a seronegative patient, from the right arm (below the LLOQ; close to injected lesion) of a patient with unknown serostatus, and from the oral cavity (9070 copies/μg DNA; not near injected lesion) of a seropositive patient. None of these lesions had been injected.
Transmissibility of T-VEC
The TCID 50 assay for infectivity was performed on all swabs with detectable T-VEC DNA: 211 swabs from the exterior of occlusive dressings, Three close contacts reported signs and symptoms of suspected herpetic origin. One had sores on the inside of the lip with no detectable T-VEC DNA, one had cold sores/fever blisters with no detectable T-VEC DNA, and one had cold sores/fever blisters and declined testing. One investigator was exposed to T-VEC (unprotected skin) but had no signs or symptoms, and one developed a lesion on the lower lip with no detectable T-VEC DNA.
Safety
All patients had ≥1 TEAE, and 95% had ≥1 AE that was considered related to study treatment. The most common TEAE was chills (65%) ( Table 3 ). Grade ≥ 3 TEAEs and TRAEs were reported by 12 (20%) and 6 (10%) patients, respectively; serious TEAEs and TRAEs were reported by 13 (22%) and 8 (13%) patients, respectively. Serious TRAEs were delirium and pyrexia (two patients each) and upper abdominal pain, atrial fibrillation, increased body temperature, cellulitis, influenza-like illness, posterior reversible encephalopathy syndrome, and skin infection in one patient each. One patient who had lymphopenia and thrombocytopenia at study baseline experienced grade 4, non-serious, TRAE of lymphopenia. Fifty-nine patients (98%) had AEs of interest: four had serious events of flu-like symptoms, one had a serious event of cellulitis (occurred in the anatomical area of injections but not specifically in injected lesions), and one had a serious event of deep vein thrombosis (unrelated to treatment).
AEs leading to discontinuation of T-VEC were reported by five patients (8%): confusion, pyrexia, and atrial fibrillation (in the same patient and treatment related), anaemia (related), posterior reversible encephalopathy syndrome (related), haemorrhage (unrelated), and sepsis (unrelated). There were no fatal AEs; one patient died of disease progression 91 days after their last dose of T-VEC.
Efficacy
The ORR was 35%, including nine patients (15%) with a complete response and 12 patients (20%) with a partial response (Table 4) . Median time to response was 3·1 months (95% CI: 2·6-5·3). As of the date of the final analysis, median duration of response was not reached.
Discussion
Our in-depth investigation of the biodistribution, shedding, and transmissibility of T-VEC in this target population confirms observations from previous clinical trials [4] [5] [6] that T-VEC is unlikely to be transmitted from treated patients to their close contacts. Instructions for the preparation, handling, and administration of T-VEC, precautions to avoid accidental exposure to the virus, and information provided to patients and close contacts who reported exposure or signs and symptoms of suspected herpetic origin reflected those in the current T-VEC prescribing information [7] . Although some differences in the management of patients in a clinical trial cannot be ruled out, we believe that the results of our study are relevant to patients with melanoma treated with T-VEC in the real-world clinical practice setting.
Approximately one-third of blood samples contained detectable T-VEC DNA during treatment, with a higher incidence in HSV-1 seronegative versus seropositive patients. The amount of DNA in blood was highest during cycle 2, potentially due to the higher dose of T-VEC administered during this cycle, and then declined rapidly, suggesting a humoral response to repeated injections, leading to clearance of injected virus. The overall incidence of T-VEC DNA in urine and in swabs of the oral mucosa and anogenital area was low (1·2%-3·0% of samples) and did not appear to be substantially impacted by baseline HSV-1 serostatus; the amount of DNA in these samples was, again, highest during cycle 2. T-VEC DNA was cleared from blood and urine by end of treatment.
As expected, the incidence of detectable T-VEC DNA was highest in samples from the surface of injected lesions. Fourteen percent of patients and 6% of samples tested positive for T-VEC DNA during the safety follow-up period; however, each sample was negative in the TCID 50 assay. Live virus was detected from injected lesions (1·1% of samples), but only during the first 2 cycles of treatment. Live virus was not detected on the exterior surface of occlusive dressings, demonstrating that when applied according to the T-VEC prescribing information [7] , they serve as an effective barrier against viral transmission. Preparation and administration of commercial T-VEC should be consistent with BSL-1 live virus containment practices, using personal protective equipment, such as eye protection, gloves, and a lab coat [11] ; BSL-2 protocols are not required [12] .
One-third of patients developed mucosal or skin lesions while on treatment; however, only three had detectable T-VEC DNA and none were positive for infectivity. Of three close contacts and two investigators who reported exposure or signs and symptoms of suspected herpetic origin, none had detectable T-VEC DNA. A limitation of our study is that detailed descriptions of the lesions were not required, and we were unable to ascertain whether they were consistent with typical herpetic mucosal or skin lesions. Also, none of these lesions were tested for wild-type HSV-1 or HSV-2. Lastly, the study design did not allow extensive investigation of the occurrence of live T-VEC virus transmission to close contacts. T-VEC is an infectious HSV-1 virus; therefore, it is advised to follow current published guidelines [7, 11, 12] to reduce risks for healthcare providers and close contacts especially for immunocompromised persons, pregnant women, and newborns. Ongoing postmarketing studies collecting real-world transmission data are expected to provide a better understanding of these potential risks.
Our study provides additional data on the efficacy and safety of T-VEC in patients with advanced-stage melanoma. Thirty-five percent of patients achieved an objective response, which was higher than the 26% observed in a phase 2 study and the registrational OPTiM study of patients with advanced-stage melanoma [6, 13] . The difference in objective response may be attributable to the smaller sample size, the descriptive nature of the analysis, and the higher proportion of patients with stage IIIB, IIIC, or IVM1a metastatic melanoma in our study (88% compared to 55% in OPTiM) [13] . The spectrum and incidence of AEs reported in our study were similar to those reported previously [6, 13] , with a majority of patients reporting flu-like symptoms. While a number of other intratumorally administered oncolytic viruses have been investigated [14, 15] , published studies of biodistribution and transmissibility are scarce: limited data on viral shedding have been reported for an engineered vaccinia virus administered to patients with solid tumours as well as an HSV-1-derived oncolytic virus administered to young patients with extracranial cancers [16, 17] . Our clinical study appears to be the most extensive to date on the biodistribution and transmissibility of an intratumoral oncolytic virus.
In summary, with proper handling, administration, and postinjection care [7, [18] [19] [20] , T-VEC can be administered safely in patients with advanced melanoma, with minimal risk of transmission to close contacts. The methodological approach and results of our study may be of value in the development of future oncolytic viruses for the treatment of melanoma and other cancers.
